This work develops a method for determining the electrical characteristics of an atmospheric pressure non-thermal He plasma. It is applied on an original low power plasma source that has some specific properties, as follows: (1) it uses high sinusoidal voltages generated in an LRC series resonant circuit; (2) the frequency of the sinusoidal waveform that maintains the discharge (<1 MHz) is lower than those used till now (>13.56 MHz); (3) the circuit is powered with dc voltages lower than 5 V and dc currents up to 1 A; and (4) the plasma torch is made of the usual materials and has a single electrode. As a function of the power and the gas (helium) flow rate, the generated plasma has three developing stages: pointed, extended (oval ball) and jet. The developed calculation algorithm of the electrical characteristics of the plasma uses only the parameters that can be measured without disturbing the plasma. The algorithm was validated by direct measurement of the plasma current. The electrical measurements show that the plasma has a purely resistive behaviour. As a function of the absorbed power and the gas flow rate, the plasma resistance varies in the range of 10 4 −10 5 .
Introduction
Over the last decade, the interest in non-thermal plasmas generated at atmospheric pressure has increased. Having the gas (heavy particles) temperature slightly higher than room temperature, non-thermal plasmas offer high excitation selectivity and energy efficiency in plasma chemical reactions. They are sources of UV, Vis and IR radiation, free radicals, such as O and OH, and active species that can play important roles in various techniques. Many kinds of devices for generating atmospheric pressure non-thermal plasmas have been designed. The most important of them can be considered: atmospheric pressure plasma jet [1, 2] , plasma needle [3] , plasma pencil [4, 5] , miniature pulsed glow-discharge torch [6] , one atmosphere uniform glow-discharge plasma [7] , resistive barrier discharge [8] and dielectric barrier discharge [9] .
To generate atmospheric pressure plasmas, many authors work with radiofrequency (13.56 MHz) electromagnetic fields as excitation sources. The electromagnetic field is in the form of a continuous wave or pulsed wave. In most of the devices the field is applied on a very thin metal wire. This is the plasma-sustaining electrode, one of the two electrodes of the plasma torch. The measurement of the electrical parameters (voltage, current, power) of the atmospheric pressure plasma at high frequency is not a trivial task. Generally, two measuring methods were used: the method based on using a power meter and a matching network, and the method based on the direct measurement of the plasma-electrode voltage and the current flowing through the plasma. In the first method [3, 10] , which does not disturb the plasma, a power meter is placed between the waveform generator and the plasma torch, via a matching network. Assuming that all the components of the network are known and the plasma impedance has only the resistive component, the plasma impedance is calculated based on the possibility of tuning the matching network in the absence of the plasma and in its presence. In the tuning state, the plasma power is measured with the power meter. A voltage probe with a very high impedance is used to determine the voltage of the connector of the plasma torch, but not the tip of the plasmasustaining electrode. In the second method [11] , a voltage probe is also used to measure the voltage of the plasmasustaining electrode and a current probe is used to measure the circuit current. The voltage probe needs to be previously calibrated, because of its reactive impedance, which induces an additional phase angle between the circuit current and the load voltage. This method is an invasive one, which can influence the plasma stability.
Most of the examined non-thermal plasma sources use commercial devices such as waveform generators, and the transfer energy from the power source to the plasma is sometimes very small. Laroussi [5] has reported an energy transfer efficiency to the plasma plume of only 20%. Recently [12] , we have developed a very simple laboratory-made atmospheric pressure non-thermal plasma source, with a highefficiency transfer of the energy from the waveform generator to the plasma, at frequencies lower than 1 MHz. It is based on the property of a LRC series circuit working at the resonant state to deliver very high voltages across its reactive circuit elements. This behaviour was successfully used in Tesla transformers [13] , in driving pulsed electron beams [14] or in capacitively coupled plasma generation [15] . This paper carries on our previous studies of the functioning of the generator and of the plasma characteristics.
Experimental and theoretical procedure

Experimental set-up
The experimental set-up is schematically shown in figure 1 . It consists of a plasma generator, the instruments used for measuring the dc voltage and the absorbed current from dc power supply and the voltage probes for measuring the waveforms of the variable voltages at two points of the circuit. The variable voltages were measured using a two-channel TDS 220 real time oscilloscope, via P2100 voltage probes (Tektronix). The most important components of the plasma generator are the ferrite-core transformer and the plasma torch. The secondary coil of the transformer and the torch represent a resonant LRC circuit. The MOSFET (metaloxide-semiconductor field-effect transistor) acts as a switch (ON/OFF) placed between the primary coil and the ground. From a TG120 20 MHz function generator (Thurlby Thandar Instuments), a triggering signal (square waveform with an adjustable duty cycle) is applied on the transistor gate. In our communication [12] , it was shown that higher conversion efficiency of dc power into the plasma power is obtained when the triggering signal has the same frequency as the resonant frequency of the secondary circuit. As a consequence, through the primary coil will flow current pulses representing the excitation pulses for the secondary resonant circuit. Under resonant conditions, the voltages on the reactive elements in the secondary circuit will be sufficiently high to create the required conditions for generating a gas discharge at atmospheric pressure.
The primary coil of the transformer consists of five turns of coated copper wire with a diameter of 0.3 mm. The secondary one consists of 400 turns of coated copper wire with a diameter of 0.15 mm. The two coils are wound turn by turn and are placed side by side onto a cylindrical ferrite rod with a diameter of 10 mm. This kind of construction prevents the unwanted breakdowns between the turns or between the coils. The electrical parameters of the transformer were measured with a Q-meter (Tesla BM 311G) at a frequency of 1 MHz. They are L 1 = 1.55 µH, L 2 = 10.65 mH, r 2 = 26 , C 2 = 3.55 pF and M = 62.5 µH, where L 1 and L 2 are the inductances of the primary and the secondary coils respectively, r 2 and C 2 are the loss resistance and the selfcapacitance of the secondary coil respectively and M is the mutual inductance due to the magnetic coupling between the two coils. Because the working frequency is much lower than the resonant frequency of the primary coil, its self-capacitance is not important. The total resistance of the primary circuit, including loss resistance of the primary coil, was determined as we will see later. One side of the secondary coil is grounded and the other one is connected to the female part of a BNC connector. The plasma torch is connected here. Its schematic drawing (in cross-section) and picture are shown in figure 2. ), regulated by a flow-rate controller (Cole&Palmer). The plasma is generated at the free end of the copper wire, which is the only plasma electrode. The presence of a second grounded electrode is not imperative. The earth or any other conductor (particularly the human body) can act as a second electrode with floating potential, but only when they are very close to the plasma. As a function of plasma power and gas flow rate it can have a pointed shape, an oval-ball shape or a jet shape.
Electrical analysis
From the standpoint of non-thermal plasma generation the most important part of the scheme shown in figure 1 is the two inductively coupled circuits. The primary circuit consists of a dc power supply, the primary coil of the transformer and the channel of the field effect transistor. The dc power supply injects current pulses through the primary circuit during the time intervals when the transistor is in the conduction state under the action of the voltage pulses applied on its gate. The secondary circuit, inductively coupled with the primary circuit via a ferrite core, consists of the secondary coil and the plasma torch. The secondary coil has one of its ends firmly grounded. It can be modelled as a circuit consisting of the inductance L 2 connected in series with its loss resistance r 2 , and its self-capacitance C 2 connected in parallel with the series group L 2 C 2 . The torch can be modelled as a resistance R T connected in series with a capacitance C T . With these considerations, in the absence of the plasma, the equivalent electrical scheme of the secondary circuit is shown in figure 3 . For the actual value of the circuit elements, the secondary circuit has a resonant frequency slightly lower than 1 MHz. The capacitance C T being lower than 1 pF, and the resistance R T having some ohms, the contribution of the torch resistance at its impedance can be neglected at the working frequency, and the total capacitance of the secondary circuit will be C 2e = C 2 + C e . As we will show later, the actual values of the capacitances C 2 and C T can be determined from the resonant frequencies of the inductively coupled secondary circuit when the torch is not connected in circuit and when it is connected, respectively.
In the primary circuit, current pulses having a frequency equal to the resonant frequency of the inductively coupled secondary circuit are injected. According to Fourier theory regarding signal analysis, a waveform consisting of periodical pulses has in its spectral composition a harmonic signal with a frequency equal to the pulse frequency and other harmonic signals having frequencies representing integer multiples of the fundamental frequency. The amplitudes of the Fourier components depend on the duty cycle of the original periodical signal. Due to the selective behaviour of the secondary resonant circuit, among all the harmonic components of the voltage across the primary coil only the component having a frequency equal to the resonant frequency of the secondary circuit will be favoured. All the other components will be strongly rejected. Having this behaviour in view, in order to analyse the behaviour of the inductively coupled circuits under the action of the harmonic component having the frequency equal to the resonant frequency of the secondary circuit, the complex method can be used. Because the capacity of the primary circuit is very small and the working frequency is much smaller than the resonant frequency of the primary coil, it can be considered that the primary circuit has inductive behaviour.
With these explanations, the electrical scheme of the circuit shown in figure 1 can be represented as in figure 4(a).
Here, E 1 is the voltage corresponding to the harmonic component having a frequency equal to the working frequency, and r 1 is the total loss resistance of the primary circuit. The resistance r 1 includes the loss resistance of the primary coil and the channel resistance of the transistor. The experimental observations have shown that the presence of the plasma in the secondary circuit does not affect the resonant frequency of the secondary circuit. One can conclude that the plasma has pure resistive behaviour and the equivalent circuit in the presence of the discharge can be represented as shown in figure 4(b) , where R pl represents the plasma resistance. Applying the transfiguration dipole theorem, and considering that R pl 1/ωC T , the parallel circuit consisting of the capacitance C 2 and the series group R pl C T can be transformed into a parallel circuit consisting of a condenser having the capacitance
and a resistor having the resistance
The harmonic analysis of the circuit shown in figure 4(b) led us to the equivalent scheme shown in figure 4(c), where 
In the previous equations, E 21 represents the voltage induced in the secondary circuit, L 21 and r 21 represent, respectively, the inductive and the resistive effects of the primary circuit over the secondary circuit as a consequence of the magnetic coupling with the mutual inductance M and ω is the carrier frequency in angular units. As can be seen, the magnetic coupling determines a decrease in the total inductance and an increase in the total resistance of the secondary circuit. The resonant frequency of the inductively coupled secondary circuit will be
When it works at this frequency, the secondary circuit will have a pure resistive behaviour, and the voltages across the reactive circuit elements, L 2 + L 21 and C 2e , will be maximum. This means that at a working frequency equal to the resonant frequency of the secondary resonant circuit, the voltage between the free end of the plasma electrode and the ground will be maximum.
Regarding the primary circuit, it can be studied in the following two distinctive ways: the study of its behaviour in a harmonic regime at a frequency equal to the working frequency and the study of its behaviour in a commutation regime. In the harmonic regime, the influence of the secondary circuit on the primary circuit is a function of the ωM/Z 2 factor, where
where Z 2 represents the impedance of the secondary circuit when it is not magnetically coupled with the primary circuit. Because Z 2 has a magnitude of some tens of k and ωM has only a few hundreds of ohms, the influence of the secondary circuit on the reactance of the primary circuit has less significance. For all that, as a consequence of the magnetic coupling between the secondary and primary circuits, two phenomena can be experimentally observed in the primary circuit: (a) the induction of a harmonic voltage across the primary coil, having a frequency equal to the resonant frequency of the secondary circuit, and (b) a decrease in the mean intensity of the current absorbed by the primary circuit from the dc power supply when the plasma is ignited in the secondary circuit. Although the ωM/Z 2 factor is very small, the reflected voltage in the primary circuit has a few volts because, under resonant conditions, the harmonic voltage across the secondary coil is very high. The harmonic analysis shows that the reflected voltage in the primary circuit is
The reflected harmonic voltage E 12 can be measured using a dual channel oscilloscope and it is used to determine the induced harmonic voltage E 21 , using the previous equation. The decrease of the mean intensity of the current absorbed by the primary circuit from the dc power supply when the plasma is ignited can be attributed to an increase in the total loss resistance of the primary circuit as a consequence of the magnetic coupling with the secondary circuit. The harmonic analysis shows that the reflected resistance is
where R pl is expressed by equation (2) . The variation of the mean intensity of the current absorbed by the primary circuit from the dc power supply can be easily measured and it can be used for the determination of r 1 . The determination of r 1 is based on the analysis using the Laplace formalism of the behaviour of the primary circuit working in the commutation regime. The Laplace equivalent scheme of the primary circuit is shown in figure 5 where s is the Laplace domain variable. The switch K replaces the channel of the MOSFET. As a function of the state of the transistor channel, very high or very low resistance, the switch will be considered closed or opened. The commutation frequency of the switch K is the same as the triggering signal on the gate of the transistor. During the time interval t 1 , when the transistor is in the conduction state, the dc power supply injects current into the primary circuit. During the time interval T-t 1 (T 1 -the period of the triggering signal), when the transistor is blocked, the primary circuit can be considered as being opened because the channel resistance is higher than 10 6 . During the time interval t 1 the current intensity in the Laplace domain is
and in the time domain it is
The mean intensity of the current through the primary circuit can be expressed as
In this expression, E d and L 1 are known, and T and t 1 can be determined from the frequency and the duty cycle of the triggering signal. It can be used to determine the total loss resistance of the primary circuit, r 1 . It must be mentioned that the determination of r 1 by direct measurements is practically impossible for at least two reasons. The first is that the loss resistance of the primary coil is very low (it has only five turns) and the measurement error can be very high, even if it is done by a Q-meter. The second is that the channel resistance of the transistor cannot be precisely known and, moreover, its value has various values during the commutation process. Knowledge of the exact value of the resistance r 1 is very important for the determination of E 21 , L 21 and r 21 , from equations (3)- (5), and of R pl , and implicitly of R pl , from equation (10) . Knowing that it works at a frequency equal to the resonant frequency of the magnetically coupled secondary circuit, where it has pure resistive behaviour, the intensity, I 2 , of the current flowing through the equivalent circuit shown in figure 4(c) , and the voltage, U electrode , between the plasma electrode and the ground can be calculated using the following equations: (14) and
Having in view the equivalence between the secondary circuits shown in figures 4(b) and (c), the current intensity which flows through the plasma and the plasma power can be calculated:
(17)
Working methodology
The way to determine the electrical parameters of the plasma using equations (14)-(17) may appear as being very complicated, but it is necessary because the non-intrusive method developed by us implies all measurements to be done exclusively in the primary circuit of the transformer, without any direct contact with the plasma electrode. The physical parameters from equations (14)-(17) may be classified into two categories: the parameters which can be measured and which can be calculated. The parameters which can be measured are the characteristic parameters of the transformer (L 1 , L 2 , r 2 and M), the frequency and the duty cycle of the triggering signal, the voltage of the dc power supply (E d ) and the mean intensity ( i 1 ) of the absorbed current from the dc power supply, and the values and waveforms of time variable signals from the primary circuit. All the other parameters can be calculated following the operating steps below:
(1) Adjust the working parameters (the dc power voltage, the frequency and the duty cycle of the triggering signal, the gas flow rate) so that the plasma can be generated. (2) Measure E d and i 1 . Using either the algebraic or the graphic solution of equation (13) determine the total loss resistance of the primary circuit in the absence of the plasma r 1 , and then, using equations (4)- (6), determine Z 1 and implicitly L 21 and r 21 . (3) Measure the frequency of the harmonic signals when the plasma torch is connected and when it is not connected. Using equation (7), particularized for the previous situations, calculate the total capacity of the secondary circuit, C 2 , and the capacity of the plasma torch, C T . Then, using equation (8), calculate the impedance of the secondary circuit, Z 2 . (4) Ignite the plasma, measure i 1 and, from equation (13), calculate the total loss resistance of the primary circuit, r 1 . From equation (10), where r = r 1 − r 1 , determine R pl , and then, using equation (2), calculate the plasma resistance, R pl . (5) Measure the peak-to-peak voltage of the harmonic signal in the primary circuit, E 12pk-pk . Calculate its RMS value and, using equation (9), determine the RMS value of the induced harmonic voltage in the secondary circuit, E 21 . (6) Using equations (14)-(17), calculate the electrical parameters of the plasma.
Results and discussion
Following the working and the calculation methodology previously described, the electrical parameters of the plasma (absorbed power, resistance, current intensity and breakdown voltage) and the influence of the gas flow rate on its behaviour have been studied. The study was made at a frequency of 847 kHz (the resonant frequency of the secondary circuit in the presence of the plasma torch), helium being used as the plasma gas. The dependence of the plasma power on the gas flow rate for different values of the dc supply voltage, E d , is shown in figure 6 . From the results of direct measurements and from the visual observations, some conclusions can be drawn: (a) for very low dc voltages (E d = 1-2 V) the plasma can be generated only at gas flow rates higher than 1.3 l min −1 , probably because some quantity of air can diffuse inside the torch, and the breakdown of the helium-air mixture is more difficult than that of pure helium; (b) increasing the dc voltage determines the increase of the ac voltage of the plasma electrode and the plasma can be generated at gas flow rates lower than 1.3 l min . When the dc voltage increases, the maximum of the absorbed power increases too and it moves to lower gas flow rates. The increase in the maximum absorbed power can be explained by the increase in the absorbed power from the dc voltage supply and, as a consequence, the increase in the power transferred into the plasma by the induction phenomenon. The displacement of the maximum absorbed power to lower flow rates when the dc voltage increases can be correlated with the evolution of the plasma shape when the gas flow rate increases from 0 l min −1 to higher values. For a fixed value of the dc voltage, by increasing the gas flow rate the plasma volume increases, and passes through three different stages: the pointed plasma (like corona discharge), the extended plasma (plasma fills the space between the electrode tip and the outer PVC tube, and has an oval ball shape) and the plasma jet. These developing stages of the plasma are presented in figure 6 (the frontiers of each domain are marked) and the corresponding plasma pictures are shown in figure 7 . The maximum of the absorbed power corresponds to the transition from the extended plasma stage to the jet stage, when the length and the volume of the plasma significantly increase. The higher the dc voltage the lower the helium flow rate at which the transition occurs; (d) for gas flow rates higher than 2 l min −1 , the flowing speed of the gas becomes higher and higher and the transfer efficiency of the energy from the generator to the plasma becomes lower and lower; (e) we do not yet have an explanation for the increasing tendency of the plasma power when the gas flow rate becomes higher than 4 l min −1 . By comparing the values of the plasma powers with the power levels absorbed from the dc power supply under the experimental conditions presented in figure 6 , one can conclude that the transfer efficiency of the energy to the plasma jet is in the rage of 35-56%.
The dependence of the plasma electric resistance on the gas flow rate, for the same values of the dc voltages as were previously mentioned, is presented in figure 8 . A continuous increase in the plasma resistance can be seen when the gas flow rate increases, which is not a reciprocal behaviour to that of the plasma power, as expected. This variation can be associated with the evolution of the plasma dimensions during the variation of the dc voltage and of the gas flow rate. Inside the mentioned ranges of dc voltages and gas flow rates, the length of the plasma increases when the dc voltage and the gas flow rate increase, while its diameter will not change significantly. Thus, accepting that the plasma has a pure resistive behaviour and that the ionization degree is almost constant during the plasma evolution, the plasma resistance will increase with length. The increasing gradient of the resistance for E d = 1 V is much lower than the increasing gradient for the other dc voltages, because the power that the generator can supply to the plasma is very low and the length of the plasma cannot increase as much as in the case of the higher dc voltages.
In the absence of the plasma, the voltage of the plasma electrode is in the range of 1030 V for E d = 1 V and 1880 V for E d = 5 V. Introducing helium inside the torch and slightly increasing its flow rate, when the pointed plasma is generated, the voltage of the electrode suddenly increases by some hundreds of volts, from about 350 V for E d = 1 V to 650 V for E d = 5 V. Then, it constantly decreases when the gas flow rate increases. This decrease can be explained by the increase in the impedance of primary circuit, Z 1 , due to the increase in the resistance reflected from the secondary circuit in the presence of the plasma, followed by the decrease in the voltage E 21 expressed by equation (3) .
To validate the calculus method, the calculated current intensities through the plasma were compared with the current intensities measured with a current probe, type F-33-1 (Fischer Custom Communications Inc.). The torch crosses the current probe which was connected to the oscilloscope via a 50 laboratory made impedance. For a dc voltage E d = 3 V and a distance d = 0.5 mm both the measurements of electrical parameters according to the previously presented methodology and the current measurements via the current probe, as a function of the gas flow rate, were made. The calculated and the measured values of the plasma current can be seen in the graphs presented in figure 9 . One can observe a good correlation between the calculated and the measured currents, the maximum error being 9.3% at a gas flow rate of 1.82 l min −1 . It must be mentioned here that the presence of the current probe introduces a supplementary capacitance in the secondary circuit, which determines a decrease in its resonant frequency from 847 kHz to 810 kHz. On the other hand, the current probe consumes a part of the energy injected in the secondary circuit, and the plasma power will be lower than in the absence of the probe. Therefore, the current probe represents a disturbing element, which can be given up because the calculated current intensities are sufficiently close to the measured ones. The current probe was only an instrument to validate the elaborated analysis method.
Conclusions
In this work we have developed a method to determine the electrical parameters of a helium non-thermal plasma at atmospheric pressure, generated at frequencies lower than 1 MHz. The property of a LRC series circuit to deliver very high voltages across its reactive circuit elements in the resonant state was used to generate the plasma. The circuit that generates the necessary sinusoidal electric field is powered with current pulses from a power supply at dc voltages lower than 5 V. Based on the electric model of the circuit in the absence and presence of the plasma, an algorithm to calculate the electrical parameters was developed. As a function of the consumed power and the helium flow rate, the plasma can have three visual appearances: pointed, extended (oval ball) and jet. The plasma impedance has only the resistive component. As the power and the helium flow rate increase from 0.2 W to 2.5 W and from 0.5 l min −1 to 4.3 l min −1 respectively, the plasma resistance varies in the range of 26-250 k . These values are in good agreement with those reported by Kieft [10] . The calculation algorithm was validated by comparing the calculated values of the plasma currents with the measured ones, using a calibrated current probe. The maximum error is 9.3%. In the future we plan to explore the radiation of plasma, the plasma parameters (electronic, rotational and gas temperature, electron number density) and the use of plasma for bacterial inactivation. We also plan to use mixtures of helium with air or argon as plasma gases.
